We have studied the surface discharge initiation phenomena caused by attached charge itself. By using negative corona discharge, negative charge is attached to a film surface which covered a plane electrode in case of electrostatic probe method and to a BSO crystal surface in case of the Pockels effect. By lowering pressure, a ring-shaped discharge momentarily appears around the center of the attached negative charge. The relationship between the maximum tangential electric field strength and the critical pressure in the range of about 50 to 1000 hPa is obtained. It should be emphasized that the inception electric field is 6 to 8 kV/mm at atmospheric pressure and 0.5 kV/mm at 50 hPa. To clarify the mechanism of the surface discharge inception phenomena by electrificated charge, MC-PIC (Monte-Carlo Particle-in-Cell) simulation model, considering the gas photoinonization effect and the photoelectric effect on the electrified dielectric surface, is introduced. It was found that the photon produced in the active region plays an important role and especially the photoelectric emission from the electrified dielectric surface becomes the necessary condition for the surface discharge occurring.
Introduction
The investigation of the surface discharge inception phenomena caused by electrificated charge itself on a dielectric surface is not only of interest from a physical scientific viewpoint, but also important for the prevention of various problems associated with electrostatic discharge. However limited information is available concerning these phenomena.
Towards our end, this study employs Paschen's law in a novel manner, being an important underlying principle associated with high voltage technology. Briefly, electric field strength E is obtained as a function of air pressure by normalizing both surface potential V s and pd by electrode separation distance d. If d is removed from the Paschen's law, it becomes possible to consider the discharge phenomena without the electrode.
In the previous work (1) , we directed research attention at clarifying the relationship between the maximum tangential electric field E t max and the air pressure initiating the surface discharge, termed here as critical air pressure Pc, due to the attached charge itself. To realize a high concentration of charge, a Rogowski electrode was arranged in conjunction with a needle electrode.
Carrying on in this study, we extended the above experiment using the multiple electrostatic probes so that a potential distribution curve is obtained via a single measurement (2) . Furthermore, in order to measure the small range of E t , it is necessary to decrease the charge * Division of Electrical and Electronic Engineering, Graduate School of Science and Engineering, Chuo University 1-13-27 Kasuga, Bunkyo-ku, Tokyo 112 density. Therefore the use of the electrostatic probe method becomes difficult. Then a new system using the Pockels effect of BSO crystal was introduced in DC electric field measurement. Using those two measuring systems, the relationship between E t max and P c was measured in the wide range of pressure from an atmospheric pressure to 50hPa. In addition, those discharge inception values of two dimensional phenomena were compared with three dimensional cases such as the breakdown values of a parallel plane gap, a needle gap and a lightning field in sunder-storm (3) .
To clarify the mechanism of the surface discharge inception phenomena by electrificated charge, MC-PIC (Monte-Carlo Particle-in-Cell) simulation model, considering the gas photoinonization effect and the photoelectric effect on the electrified dielectric surface, is introduced. It was found that the photon produced in the active region plays an important role and especially the photoelectric emission from the electrified dielectric surface becomes the necessary condition for the surface discharge occurring. Fig. 1 shows a schematic diagram of the employed experimental setup, where a needle (dia.=0.56mm, tip curvature=0.004mm) with an applied voltage V n acts as the charging electrode, while a Rogowski electrode (dia.=80mm, voltage=V n ) is used to realize a highly concentrated attached charge. A thin polymer film (PET film, thickness δ 16 38µm, relative permittivity r =3.3) is placed on the plane electrode The negative charge is attached to the film surface by corona discharge under normal atmospheric condition. Fig.2 shows the schematic distribution of surface voltage V s . By lowering the pressure, the ring-shaped discharge indicated in Fig.3 momentarily occurs at the critical pressure, P c .
Experimental Apparatus and Results

Measurement System for V s by the Electrostatic Probes
We obtain the tangential electric field E t on the film surface based on the simple assumption that V s is symmetrical about the center of the charge, i.e., V s = −E n δ = σ δ · · · · · · · · · · · · · · · · · · · · · · · · · · · (1) E t = − dV s dr · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (2)
where r is the radial distance measured from the center of the charge, E n is the component of the electric field normal to the film, and σ is the attached charge density.
Measurement of V s using Pockels Effect
It is well known that BSO (Bi 12 SiO 20 , 20 20mm 2 , δ = 1mm, r = 56) crystal has the Pockels effect and it can be used for measuring the potential distribution of dielectric surface with high temporal and spatial resolution (4) (5) . However the BSO crystal has a light-sensitive character of conductivity so that if the laser light is emitted, the surface charge decreases. Therefore, it has been only used for the case of the impulse voltage or AC voltage. One way to use the BSO crystal without charge decreasing is to place a thin film of high resistivity on the BSO crystal. But the potential is divided into the thin film and the BSO crystal so that the potential of the BSO crystal is decreased extremely in this case. Other way to use the BSO crystal is to use directly, however, the injection light intensity is necessary to weaken so as to ignore the charge decay during the experiment. Fig.4 shows the latter case of the measurement system with the BSO crystal. The BSO crystal is mounted to a plane electrode, which has the light transparence and is grounded. The charging is the same as the electrostatic probe method. After electrified the BSO crystal surface, the needle electrode is removed from the laser light axis. He-Ne laser (wave length 632.8nm, output 10mW), beam expander, two polarizers and CCD camera (resolution 0.125mm/pixel) are aligned outside of the vacuum chamber. Fig.5 shows the relationship between the maximum value of E t , E t max , and P c under various values of V n and D at d=1mm in Fig.1 . Although the data are scattered Relationship between E t max and P c resulted from the apparatus in Fig.4 significantly, it becomes evident that E t max is 1 2kV/mm at P c =250hPa and 6 8kV/mm in the atmospheric air. Fig.6 shows the relationship between E t max and P c resulted from the apparatus in Fig.4 . Although the data are also scattered widely, it is found that E t max is approximately 0.3kV/mm at 50hPa. It should be noted that the values of E t max near P c =250hPa in both results are jointed continuously.
Experimental Results
Simulation Model
As shown in Fig.2 , the voltage distribution on the dielectric surface is symmetrical about the vertical center line, so only half the region needs to be considered. Therefore the simulation region is chosen as shown in Fig.7 , with the radial distance away from the center r=20mm and the vertical distance from the dielectric surface z=30mm. The region is subdivided into small cells spacing ∆r and ∆z, which have various sizes by the value of space field strength E. r = 0 2.5 : dr = 0.5 r = 2. collision cross-sections in N 2 (6) and O 2 (7) . The agreement between the swarm parameters calculated using these cross sections and those obtained from experiments has been confirmed. Rotational excitation, vibrational excitation, ionization, attachment (only for O 2 ), and elastic collisions between electrons and molecules are considered.
To simulate the discharge occurring, it is necessary to determine the travel distance x of the avalanche maintaining the ionization process and the value of E t max /N , N is the relative mixture gas density. Fig.  10 shows the approximate voltage distribution V s to that obtained from the experiment (3) . The range of E t max /N is shown in Fig.11 which is obtained from Figs.5 and Fig.6 . It is evident that the discharge occurs in the range from 100 to 300Td.
A single initial electron is started from the point A in Fig. 10 . The electron motions are simulated in a selfconsistent electric field obtained from the solution of the Poisson's equation at each time step (∆ t = 5 × 10 −14 s) by applying finite difference method and successive overrelaxation method (8) . On the other hand, the ions are assumed to be stationary. If the number of the particles exceeds 10 5 , 40 percent of the particles are removed and it's electrical quantity is distributed to the residual particles. The electrons which reached the boundary z = 0 are removed from the simulation region. In this case, V s is changed in proportional to it's electrical quantity, assuming that the electrons attached to the dielectric surface (δ=16µm, r =3.3).
The gas photoinonization effect and the photoelectric effect on the electrified dielectric surface are also considered. A schematic representation for the calculation of the photoionization electron in the gas and the Fig. 13 . Dependence of on R p (10) photoelectric emission from the electrified dielectric surface is illustrated in Fig. 12 . The number of electron-ion pairs, N p(air) , created in the j cell by the gas photoionizaion is represented by Eq. (3) . where N d is the number of electron-ion pairs generated in the i cell by the collisional ionization in the avalanche, R is the distance at the j cell from the i cell, ∆ is average size of the j cell, p is the gas pressure, θ is the solid angle subtended at the i cell by the j cell. it is necessary to consider the width ∆w for the simulation region to calculate θ. Here, it is taken as ∆ w = 50µm which is a typical streamer width (9) . Ψ is the number of photoelectrons per steradian, distance, and pressure, generated from the photon source in the i cell produced by electron collision. The values of were experimentally obtained in air by Penney and Hummert (10) and are given as a function of R p as shown in Fig. 13 . N p(air) = N d Ψ (Rp) θ∆p · · · · · · · · · · · · · · · · · · · · · · (3)
Unfortunately, no data is available for estimating the rate of photoelectric emission from the electrified dielectric surface. Therefore , it is assumed that the photon source is the same as that of the gas photoelectric emission, but that the production rate of electrons from the electrified dielectric surface is proportional to Ψ. If the proportional constant is expressed as C d , the number of photoelectrons, N p(dielectric) , emitted from the electrified dielectric surface is given by Eq. (4) . The definitions of N d , θ and p are the same as the Eq. (3). Here, providing that the reached photons to the electrified dielectric surface from the i cell are absorbed into that surface, the range of integration is assumed from the distance R 0 , which is the distance between the i cell and the dielectric surface, to infinity. The specific values of C d are evaluated in the next section.
Results and Discussion
An example of the initial distribution of V and E in the condition of E t max /N =300Td (E t max =1.5kV/mm, N = 5.0 × 10 18 /cm 3 ) and x=3.0mm is shown in Fig. 14. It becomes clear that E is nearly parallel to the dielectric surface in the region r=3 6mm and the value approximately agrees with E t max . Fig. 15 shows the calculation result in this condition. For a criterion of the discharge occurring, it is assumed that the number of ionization equals 10 8(11) .
The simulation results are shown in Table 1 and Table 2 , in case of the values of E t max /N are 100, 150, 200, 250, and 300Td (E t max =1.5kV/mm, N = 5.0 × 10 18 /cm 3 at 300Td N = 1.5 × 10 19 /cm 3 at 100Td) , the values of the x are 2.5, 3.0, and 3.5mm, respectively. Table 1 represents the results without any photoionization, and the result with the gas photoionization. A symbol shows the discharge occurring without any photoionization, shows the discharge occurring with the gas photoionization, and shows no discharge occurring with the help of the photoionization. It is evident that the discharge doesn't occur except the large value of E t max /N , for example more than E t max /N =300Td.
From the above results, it is necessary to consider another factor to explain the experimental data. Table 2 represents the results with both the gas photoionization and the photoelectric emission from the electrified dielectric surface. For example, C d =300 represents that the discharge occurs when the C d is above 300 in Eq. (4). This means that the photoelectric emission from the electrified dielectric surface is a few hundred times greater than that from the gas. The table also shows that the discharge doesn't occur in case of E t max /N =100. The electron avalanche doesn't grow in these conditions since the collisional ionization rarely occurs. So, the case seems the lower limit of the discharge occurring conditions.
These results suggest that the mechanism of the photoelectric emission from the electrified dielectric surface Fig. 15 . An example of the calculation result without any photoionization in the condition of E t max /N =300Td and x=3.0mm Table 1 . Discharge initiation region by the simulation results without any photoionization, and with the gas photoionization Table 2 . Discharge initiation region by the simulation results with both the gas photoionization and the photoelectric emission from the electrified dielectric surface plays an important role in surface discharge initiation phenomena.
Conclusions
After the electrification of the film surface by corona discharge produced with a needle electrode, lowering the environmental pressure causes a weak discharge momentarily around the center of the electrification charge.
In this paper, the experimental data and the simulation results are discussed. The photoelectric emission from the gas and from the electrified dielectric surface, which satisfies the discharge occurring conditions obtained from the experimental results, are estimated using the MC-PIC method.
From the calculation results, it is possible to say that the photon produced in the active region plays an important role and especially the photoelectric emission from the electrified dielectric surface becomes the necessary condition for the surface discharge occurring. It's very interesting to clarify the mechanism of the electron emission from the electrified dielectric surface by the photon injection, but it remains undiscussed entirely.
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